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SUMMARY

This report describes the experimental results of a program which was
conducted to investigate aerodynamic means for increasing turbine stage loading
and turbine blade loading consistent with high efficiency. Three highly loaded
fan drive turbines were designed and tested: 1) a three-stage turbine using
all plain blading, 2) a three-stage turbine using tandem blading, and 3) a
three-stage turbine using a ten-degree tangentially leaned stator. Each tur-
bine was designed for the same velocity diagram and each used the same constant
inside diameter flowpath. Seven combinations of bladerows were tested in order

to evaluate stage performances and assess the performance effects of the tandem
blading and the leaned stator.

At design equivalent speed (3169.0 rev/min) and design total~to-total
pressure ratio (3.47) the plain blade turbine achieved an overall total-to-
total efficiency of 0.886. At design speed and pressure ratio, the leaned
stator turbine achieved the same overall total-to-total efficiency while im-
proving the turbine exit radial swirl profile. The leaned stator turbine was

also successful in raising the Stage Three hub reaction from negative 20 per-
cent to zero reaction.

Two-stage turbine tests, accomplished by removing Stage Three from the
turbine, showed that the two-stage turbine using a tandem stator in Stage Two
had a design point overall efficiency of 0.880 compared to an efficiency of
0.868 for a two-stage turbine using plain blading in each bladerow.

Testing conducted on stage one indicated a design point total-to-total
efficiency of 0,875,

Radial efficiency profiles showed high efficiencies in the pitchline
region of all configurations tested, with pronounced drop-offs in efficiency
toward the hub and the tip.

Reynolds number testing accomplished by varying the inlet pressure (and
thus varying the density level) indicated decreases in efficiency with de-
creasing Reynolds number. The turbine configurations using tandem blading
experienced a larger decrease in efficiency with decreasing Reynolds number
than the plain blade turbines.,



INTRODUCTION

A twenty-seven month analytical and experimental investigation program was
conducted to provide turbine high-stage~loading and high-blade~loading aero-
dynamic technology which will be specifically applicable to multistage fan

drive turbine configurations for advanced high-bypass-ratio turbofan propulsion
system application.

The specific objectives of this program were to:

* Investigate analytically and experimentally aerodynamic means for
increasing the turbine stage loading and turbine blade loading
consistent with high efficiency for multistage highly loaded
fan drive turbine configurations.

. Develop sufficient design information to determine the relative
importance of changes in engine size, weight, and performance
and give primary consideration to use of tandem rotors and
stators, where applicable, to reduce weight or extend or improve
the blading performance.

. Modify an existing three-stage highly loaded turbine rig and
adapt the rig to an overall performance test program of sufficient
extent so as to obtain blade element performance.

The program was divided into two phases encompassing nine task items of
activity. The first phase covered Task Items I through III. In Task I,
requirements of selected advanced high-bypass-ratio turbofan systems were
investigated, parametric turbine velocity diagram studies were carried out,
and the results were reported in Reference 1. A cascade test and evaluation
program was conducted under Task II, and reported in Reference 2. In Task III,
the turbine flowpath was chosen and a velocity diagram was selected for three
turbines: an all plain blade turbine, a turbine using tandem blading, and a
turbine using tangentially leaned stators. The detailed aerodynamic and mechan-
ical designs for the turbine and the turbine blading were performed. The turbine
was scaled to utilize an existing highly loaded fan drive turbine test rig and
the required rig modification drawings were prepared. Reference 3 reported the
aerodynamic and mechanical design of the plain blade turbine. The tandem blade
turbine design was presented in Reference 4. The design of the turbine using
tangentially leaned stators was reported in Reference 5.

The second phase of the program covered Task Items IV through IX, and
included the fabrication, procurement, vibration bench testing and fatigue
endurance testing of the turbine blading, inspection of the turbine test rig
modifications, and instrumentation and calibration of the test vehicle. In
this phase of the program the testing of seven turbine configurations was
accomplished, and test data was collected, reduced and analyzed. The purpose

of this report is to present the results of the work performed in Phase Two of
this program.



AERODYNAMIC EVALUATION

TEST VEHICLE

Requirements - The analysis and design of the three fan drive turbines which
were investigated are presented in detail in References 2 through 4. An existing
highly-loaded fan drive turbine rotating rig was modified for the test and per-
formance phase of the program. . The turbine design requirements were scaled for a
turbine exit tip diameter of 28.4 inches in order to utilize the existing test
rig. The full-size and scaled turbine design requirements are presented below:

Parameter Full Size Scaled
Average Pitch Loading, %%%EQ 1.5 1.5
Equivalent Specific Work, g/ecr, (Btu/1bm) 33.0 33.0
Equivalent Rotative Speed, N//gz;; (rev/min) 2000 3169
Equivalent Weight Flow, W/@;;he/d, (lbm/sec) 70 28
Inlet Swirl Angle (degrees) 0 0
Exit Swirl Angle Without Guide Vanes (degrees) <5 <5
Maximum Tip Diameter (inches) 45.0 28.4
Number of Stages 3 3
W/T, /Py at Inlet 108.4 43.16
Ah/TT 0.0635 0.0635
N/VIg 87.7 138.98

Configurations Tested - The three turbines investigated used the same
constant-inside-diameter flowpath and velocity diagram. The turbine design
velocity diagram is presented in Figure 1. The three-stage turbines were designed
for stage energy splits (Ahstage/Ahturbine) of 41.7% on Stage One, 38.3% on
Stage Two, and 20.0% on Stage Three. The corresponding stage aeroydnamic
loadings (gJAh/ZUpz) were 2.1, 1.75, and 0.82 for Stages One, Two and Three

respectively. The design average pitchline loading (gJAh/ZZUp ) for stages

one and two grouped together was 1.92. The turbine rotating tip shroud seal
teeth were designed for an interference fit with the stationary shrouds during
cold buildup in order to have positive rub-in during operation and thus minimize
the effects of rotor tip clearance. In order to evaluate the stage performances
and assess the performance effects of the various turbine designs, seven turbine
configurations were selected for testing. The configurations are described
below.




Configuration Symbol

1 PPPPPP
2 PPPP

3 PP

4 PPTP

5 PPPPPT
6 PPTPTT
7 PPPPLP

Description

Three-stage turbine with plain blading
in all bladerows. This configuration
is shown in Figure 2.

Two—-stage turbine with plain blading
in all bladerows. This configuration
is shown in Figure 3.

One-stage turbine with plain blading
in all bladerows. This configuration
is shown in Figure 4.

Two~stage turbine with tandem stage
two stator and plain blading in all
other bladerows. This configuration
used the flowpath shown in Figure 3.

Three~stage turbine with tandem stage
three rotor and plain blading in all
other bladerows. This configuration
used the flowpath shown in Figure 2.

Three-stage turbine with tandem stage
two stator, tandem stage three stator,
tandem stage three rotor, and plain
blading in all other bladerows. This
configuration used the flowpath shown
in Figure 2. It should be noted that
the tandem Stage Three stator was
designed for a 24 percent reduced
solidity compared to the plain Stage
Three stator. The reduction in solidity
was accomplished by designing 76 tandem
vanes compared to 100 plain vanes for
this bladerow.

Three-stage turbine using a ten-degree
tangentially leaned stator in Stage
Three, and plain blading in all other
bladerows. This configuration used the
flowpath shown in Figure 2.

Photographs of the turbine blading used in the testing of these seven
turbine configurations are presented in Figures 5 through 18.



TEST APPARATUS AND INSTRUMENTATION

Test Facility - The seven turbine configurations were tested in the General
Electric Company's Evendale Air Turbine Test Facility, which is a dual purpose
facility capable of evaluating either single stage high pressure turbine or

multistage fan drive turbine performance. A typical test facility configuration
is shown in Figure 19.

Turbine air is supplied from the Central Air Supply System of the Component
Test Complex, which consists of an arrangement of five multistage centrifugal
compressors driven by synchronous motors through speed increasing gears. Staging
these compressors in series or parallel or using them as exhaustors provides the
various modes of operation normally required for the turbine operation. The
compressor discharge air is then directed through various auxiliary systems in
order to provide air that is filtered to ten micron particle size, dried to
minus 70° F dewpoint, and indirectly heated to the desired temperature by passing
it through a heat exchanger. Flow enters the test region through a specially
shaped scroll which smoothes out flow disturbances and provides a uniform stream
to the test vehicle. Air enters the first stage nozzle through a convergent
bellmouth section and a constant annular passage approximately three inches long.
Turbine discharge air leaves through a constant annular passage approximately
seven inches long and expands into the exhaust plenum.

The generated turbine horsepower is extracted by means of a high speed
waterbrake direct coupled to the turbine shaft by flexible couplings and a
short spool piece. This waterbrake design provides excellent speed stability
throughout the entire turbine operating map.

For protection against overspeed and excessive temperature or vibrations,
a two-level trip system is used. The level 1 trip is signaled by an overspeed
or bearing over temperature. Level 2 is signaled by excessive vibratioms, or
critical support system temperatures Oor pressures.

The turbine facility control console is located in the Test Cell Control
Room. All the necessary controls and critical turbine or facility monitoring
instrumentation are strategically located to enable one man control of the
entire test facility. This feature is a direct result of the utilization of
analog closed-loop control circuits for setting and maintaining all prime
turbine variables. Turbine parameters of inlet temperature, inlet pressure,
speed, discharge pressure, and rotor net thrust can all be maintained auto-
matically at pre-set values.

Data Acquisition System - The data acquisition system consists of a digital
recorder linked to a paper tape and paper punch tape printer. The digital
recording system is capable of recording up to 200 temperatures and 350 pressures
in addition to other specific turbine performance parameters.

Temperature -measurements are obtained with precision manufactured Chromel-
Alumel thermocouple wire. Sensors in any one plane of measurement use wire
from one spool. Calibration samples of wire are cut from each sensor lead and



both samples and sensor leads are oven cured for 28 hours at approximately
400° F. The wire samples are then calibrated over the expected temperature
range against a Platinum Resistance Thermocouple which is traceable to the
National Bureau of Standards, resulting in correction curves which are applied
to the temperature measurements in the data reduction program.

Calibration curves are also established to determine temperature recovery’
at various expected Mach number ranges and flow incidence angles using a
specially designed calibration stand with a 2.5 inch free jet nozzle capable
of a Mach number range from 0.2 to 1.0. Corrections are made in the data
reduction program using the calibration curves.

The thermocouple leads terminate in a Copper Alloy Thermal Sink (CATS),
which is thermally insulated to minimize temperature gradients. To arrive at
the absolute value of any temperature sensor, the absolute temperature of the
CATS block is measured, using both a water-ice bath reference and an electronically
controlled Ice Point Reference System. The latter is used to determine absolute
temperature levels, but both systems are continually compared. The electrical
output of each thermocouple is measured at this CATS block and the signal is
amplified and directed to the digital recorder.

Turbine rig pressure measurements are obtained by the use of precision
strain gage pressure transducers which convert pneumatic signals to electrical
outputs. The pressures enter the control room pneumatically and terminate in
electrically controlled scanners which systematically direct each pressure
signal to a transducer. The transducer electrical outputs are amplified and
directed to the digital recorder. All transducers of this type have a common
excitation and output amplification. Each data reading contains the excitation
voltage sensed at the transducer, the transducer zero, and a known calibration
signal which is recorded through all its associated electrical circuitry. The

repeatability of these parameters is continually monitored to preclude any
measurement errors.

Pressure calibrations are performed prior to each test run using a
precision dead weight tester for above-atmospheric calibrations, and a
quartz manometer for sub-atmospheric calibrations. Both units are frequently
calibrated and their precisions are directly traceable to the National Bureau
of Standards. All pressure transducers used have characteristic curves compiled

in a computer library file, to which each pre-run calibration is compared for
discrepancies.

The digital recording system is linked to the General Electrie 635 Computer
by means of a GE Terminet 300 located in the Control Room. This feature enables

reduced data to be printed out in the Control Room within five minutes of the
reading of a test point.

Instrumentation - Figure 20 shows the location of the instrumentation used
in the testing of the seven turbine configurations. An instrumentation scheme
was used which permitted removal of downstream turbine stages without requiring
the re-instrumentation of upstream stages.




Turbine inlet instrumentation was affixed to the leading edge of the inlet
strut frame on each of ten struts located 36 degrees apart, and approximately
ten inches upstream of the first stage stator. Turbine inlet temperature was
measured with 25 Chromel-Alumel thermocouples mounted in high recovery stagna-—
tion tubes affixed to the leading edge of the inlet strut frame on each of five
struts 72 degrees apart. They were located radially at the area centers of five
equal annular areas. Inlet total pressure was measured with 25 Kiel-type probes
located in an identical manner as the total temperatures above, but on five
alternate struts 72 degrees apart. These pressures were measured independently
by means of the scanner-transducer system and then arithmetically averaged in the
data reduction program, They were also pneumatically averaged, using a specially

designed averaging block, measuring an average output on a single pressure
transducer.

Inlet static pressure was measured with five equally spaced static pressure
taps located on both the inner and outer flowpaths in a straight annular
section about 1.7 inches upstream of the first stage stator. These static
pressure taps were used to check the circumferential uniformity of the flow and
to calculate the turbine inlet total pressure.

Interstage static pressures were measured with four static pressure taps
installed on both inner and outer flowpath casings, approximately 90 degrees
removed, in the cavity area befpre and after each stator.

Turbine outlet total temperature and total pressure were measured with:
six fixed circumferential arc rakes 60 degrees apart, located radially at the
centers of six equal annular areas, and approximately four inches downstream
of the last stage rotor. A total of 36 total temperatures and 72 total ]
pressures were measured. Each rake contained twelve Kiel-type pressure elements
located side-by-side, and six shielded thermocouple elements side-by-side.

The total pressures were averaged both arithmetically and pneumatically in the
same manner as the inlet pressure measurements.

Six turbine outlet static pressures were measured on both the inner and outer
flowpaths. Elements were spaced 60 degrees apart and were located approximately
four inches downstream of the last stage rotor.

Turbine outlet total temperature and total pressure were additionally measured
by a radially and circumferentially traversing combination probe. A fast response
pressure differential servo-system aligned the probe with the flow and provided
an electrical output proportional to the flow angle. Total temperature, total
pressure and flow angle were recorded on X-Y chart recorders as functions of
either radial immersion or circumferential position. The probe was located
approximately one inch downstream of the last stage rotor.

Air flow to the turbine was measured using a calibrated circular arc venturi
which was operated at critical flow conditions. The venturi inlet pressure and
temperature were measured using wall static pressure taps and Chromel-Alumel air
thermocouple probés located upstream of the venturi throat.



Three independent speed measurements were provided by an indicating system
consisting of a 60-tooth gear attached to the turbine shafting and three station-
ary magnetic sensors located very close to the gear teeth. Electrical impulses
resulting from the passing of each tooth provided an electrical frequency pro=~
portional to turbine speed. Electrically time integrating this signal provided
the speed indication, accurate within + 1 rpm.  During the course of each data

reading, twelve different samples of speed were recorded and arithmetically
averaged.

Two independent techniques were employed for the measurement of shaft torque.
The primary system consisted of a dual bridged shaft-mounted torque sensor. The
strain sensitive spool section was located between the turbine shaft and the
waterbrake shaft with a specially designed slip ring mounted behind the water-
brake to transmit electrical signals to the digital recorder. Each bridge was
excited with its own independent electronics system and read out or displayed
through the digital data acquisition system. The secondary torque measurement
was obtained by means of a load cell located beneath a lever arm attached to the
cradled waterbrake stator housing. The load cell also employed independent
signal conditioning and readout electronics.

Torque calibrations were performed in place using a precision torque arm
and dead weights, whose weight values are traceable to the National Bureau of
Standards. Dead weight calibrations were conducted prior to each test run to
verify repeatability of torque zeros and bridge linearity. In addition, exten-
sive temperature calibrations were made to define torque zero and modulus changes

over the operational temperature range, even though these effects are less than
0.25 percent.

TEST PROCEDURE

The turbine inlet conditions were set at 700° R and 30 psia, with a few
exceptions as noted below:

® Test facility limitations on the turbine exhaust temperature
required all testing of the single stage turbine (Configuration 3)
to be run at inlet conditions of 660° R and 30 psia.

@ Waterbrake limitations required that the low speed, high pressure
ratio test points of the three-stage builds (Configurations 1, 5,
6 and 7) be run at inlet conditions of 700° R and 20 psia.

It was recognized that some Reynolds number effects would be present when
operating the turbine at the reduced inlet pressure. In order to assess the
Reynolds number effects additional test points, in the vicinity of the design
point, were investigated at higher inlet pressures.

The performance mapping of the turbine was accomplished by selecting
test points within the following range of variables:

® Speed - from 70 to 120 percent of design speed.



® Pressure ratio - from that corresponding to 50 percent design ideal

enthalpy drop to a pressure ratio corresponding to approximately 113
percent design ideal enthalpy drop.

The following performance data were obtained at each test point:

e Turbine weight flow

e Rotative speed

® Torque

® Inlet total temperature

e Inlet total and static pressures

® Exit absolute flow angles

® Exit total and static pressures

] Exit total temperatures

® Flowpath hub and tip interstage static pressures

Three complete sets of data were recorded at each test point and processed
through the on-line computer which permitted an immediate evaluation of the
reduced data.

Key performance parameters were continually monitored to insure accuracy
and consistency of the test data. The design point was periodically reset
throughout the testing to monitor the repeatability of the facility and the
design point calculations.

One radial and three circumferential traverses were made at each test
point to record the turbine exit total pressure, total temperature and absolute
filow angle. The circumferential traverses were taken at 10, 50 and 90 percent
of the last stage rotor blade height.

A detailed rotor exit survey was made at the design speed and design pres-
sure ratio for each of the seven turbine configurations tested. The survey for
each configuration included seven circumferential traverses of total temperature,
total pressure and flow angle at the radial centers of seven equal annular areas.
The traverses encompassed at least two last stage stator wakes.

DATA REDUCTION PROCEDURE

Overall Performance - Two calculation schemes were used to reduce the over-
all performance data. The two methods differed in only one respect. The pre-
liminary test cell data reduction program used measured exit total pressures for
all performance calculations while the final data reduction was performed
"using calculated exit total pressure. This exit total pressure was calculated




using continuity by determining an integrated average flow angle from the
traverses and combining it with the exit total temperature based on measured
torque and the average of measured exit hub and tip static pressures.

A more detailed description of all the calculation procedures used in the
data reduction may be found in Appendix A. '

The following overall performance parameters were calculated for each
of the three readings taken at each test point:

1. Calculated total-to-total pressure ratio as obtained from indirect

measurement,

2. Calculated total-to-static pressure ratio as obtained from indirect
measurement.

3. Equivalent speed.

4, Equivalent weight flow.

5. Equivalent weight flow-speed parameter (product of equivalent speed
and weight flow) ,

6. Equivalent torque.

7. Equivalent specific work.

8. Ideal equivalent specific work.
9. Efficiency (total-to-total).
10. Bladg—jet speed ratio.

These parameters are presented in Tables I through VII for turbine con-
figurations 1 through 7 respectively.

Stage Performance - Calculations were performed to determine the efficiency
of each stage of the various turbine configurations when the three stage tur-
bine was operating at its design speed and design total-to-total pressure ratio.
Design total-to-total pressure ratio for the three stage plain blade turbine
(Configuration 1) was defined to be that at which the design equivalent speci-
fic work of 33.0 Btu/lbm was extracted. All stage efficiency calculations were
performed with a three-stage turbine total-to-total pressure ratio of 3.47. 1In
order to determine the stage efficiencies, it was necessary to determine the
key performance parameters of the two-stage and one-stage turbine when the
three-stage turbine was operating at its design point. Basic to the stage
efficiency calculation was the assumption that removal of downstream turbine
stages did not alter the design point performance of the two-stage and one-
stage turbines, e.g., the two-stage turbine behaved identically when run by
itself and when run in the three-stage turbine.

10



A detailed outline of the stage efficiency calculation along with a sample
calculation is presented in Appendix B.

Rotor Exit Survey Calculations — The rotor exit surveys of total pressure,
total temperature, and absolute flow angle, which were taken at the design point
of each turbine configuration, were used to construct contour plots of local
efficiency. Local efficiencies were calculated from the following parameters:

. Measured inlet total temperature

° Calculated inlet total pressure based on continuity using measured
inlet static pressure and measured airflow

) Local exit total pressure measured by the traverse probe
. Local exit total temperature measured by the traverse probe

Reynolds Number Calculations - The turbine Reynolds number was varied by
operating the turbine over a range of inlet pressures while maintaining the
design pressure ratio. Bladerow Reynolds numbers were calculated on the basis of

leaving gas velocity and throat dimension as shown in the following relation-
ship which is in Appendix C.

RN . (12 W
i (u ndohth .
i

where:
W = measured airflow (lbm/sec)
u = bladerow exit viscosity (1bm/sec-ft)
n = number of blades or vanes
hyp = height of bladerow at throat (inches)
i = current bladerow
do = bladerow throat dimension (inches)
2 = blade or vane suction surface length (inches)

The turbine overall Reynolds number was calculated by energy weighting
the blade row Reynolds numbers in the following manner:

m

— oy
RN T o m

I bh,

i=1 *

EXPERIMENTAL RESULTS AND DISCUSSION

Overall Performance - The reduced data and calculated parameters are
presented in the following curves for each turbine configuration:
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a. Equivalent torque versus calculated total-to-total pressure ratio.

b, Equivalent weight flow versus calculated total-to-total pressure ratio.
c. FEquivalent specific work versus calculated total-to-total pressure ratio.
d. Total-to-total efficiency versus calculated total-to-total pressure ratio.

e. Total-to-total efficiency versus blade-jet speed ratio.

£, Equivalent specific work versus equivalent weight flow - speed
parameter with lines of constant calculated total-to-total pressure
ratio, constant speed, and constant efficiency.

The above curves utilize constant values of equivalent SPeed as a parameter
and are shown in Figures 21 through 62.

In Figures 63 through 74, some of the reduced data for the plain blade
turbine builds (Configurations 1, 2, and 3) are compared to the pre-test pre-
dictions which were originally presented in Reference 3. The data show reasonable
agreement with predictions in the vicinity of the design point, with some
divergence occurring at far off-design points. The predictions were made
with the use of an off-design turbine computer program (Reference 6) and some
disagreement was expected because of the assumptions used in the program. The
computer program uses constant loss coefficients (such as bladerow efficiencies
and rotor and stator total pressure recovery factors) at each operating point.
The differences seen in the equivalent weight flow versus pressure ratio
curves was attributed partially to the coefficients used in the computer
program, and partially to variations in bladerow throat areas in the assembled
hardware compared to design intent.

In Figure 75, total-to-total efficiency versus total-to-total pressure
ratio for the design speed line is compared for all three-stage turbine config—
urations. At the design point (Pressure ratio = 3.47) the efficiencies fell
within 0.003 of each other, with no turbine exhibiting a higher efficiency than
the plain blade turbine (Configuration 1 - PPPPPP). The plain blade turbine
retained the highest efficiency of the four turbines until the pressure ratio
dropped to about 2.7. Below this pressure ratio, the plain blade turbine
efficiency fell below the efficiencies of Configuration 5 (PPPPPT) and Config-
uration 7 (PPPPLP). 1In summary, while no turbine tested exhibited a higher
efficiency at the design point than the plain blade turbine, two turbines (Con-
figuration 5 — PPPPPT and Configuration 7 - PPPPLP) maintained a higher efficiency
throughout a greater portion of the operating range.

In Figure 76, equivalent weight flow versus total-to-total pressure ratio
for the design equivalent speed line is compared for all three-stage configurations.
The curve is the same for all except Configuration 6 (PPTPTT), which had a
slightly lower equivalent weight flow throughout the operating range.
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Figure 77 compares total-to-total efficiency versus total-to-total pressure
ratio at design equivalent speed for the two-stage turbine configurations. The
gain in performance achieved by the tandem Stage Two stator turbine (Configura-
tion 4 - PPTP) is clearly illustrated. At the pressure ratio corresponding to
design equivalent specific work of the two-stage plain blade turbine (Pressure
ratio = 2.66), the plain blade turbine efficiency was 0.868, while the tandem
blade turbine efficiency was 0.880. '

Figure 78 compares equivalent weight flow versus total-to-total pressure
ratio for the two-stage turbines. The lower equivalent weight flow obtained
in the three-stage and two-stage turbines which used the tandem stator in
Stage Two suggests that there was a change in the Stage Two flow coefficient
caused by the passage of the forward airfoil wake through the throat of the

Stage Two tandem stator and by the passage of the double wake through the
Stage Two rotor.

In Figures 79 through 85, curves of static pressure normalized by inlet
total pressure versus axial station are presented for various turbine pressure
ratios to illustrate the interstage hub and tip static pressure behavior of
the turbine configurations. Figure 79 (Configuration 1 — PPPPPP) indicates that
the Stage One rotor hub at lower pressure ratios had positive reaction and as
pressure ratio increased, the reaction became negative. Stage One was designed
for approximately eight percent positive hub reaction, while test data indicated
slightly negative hub reaction at the design point. Figure 79 also indicates
that the Stage Three rotor hub at lower pressure ratios had positive reaction
which became negative reaction as the pressure ratio increased. 1In this case, -
the Stage Three rotor hub was designed for approximately twenty percent negative
reaction. Figure 82 illustrates the influence of the Stage Three leaned stator
(Configuration 7 - PPPPLP) on reaction. The leaned stator configuration turbine
had a positive reaction Stage Three rotor throughout its entire operating range.

Stage Performance -~ Stage performance calculations were performed in order
to isolate and assess the effects of the tandem and leaned stators and the tandem
rotor when the turbine was operating at its design speed and pressure ratio.
Table VIII summarizes the stage performances.

Stage One was not significantly affected at the design point by the various
downstream configurations which were tested.

The most significant performance gain relative to the plain blade turbine
was the increase in efficiency achieved by the Stage Two tandem stator. The
stage efficiency calculations show Stage Two with the tandem stator had a total-
to-total efficiency of 0.873 compared to 0.846 for Stage Two with the plain
blade stator.

The cascade tests performed in conjunction with the turbine rotating tests
and reported in Reference 2 give an indication of the reasons for this signi-
ficant difference in efficiency. Cascade testing of the Stage Two plain stator
hub section showed a high sensitivity to positive incidence angle due to
separation from the suction surface at about 0.8 of the vane axial width at
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positive incidence angles. The Stage Two tandem stator had less sensitivity to
positive incidence angle with no evidence of separation. The tandem stator

hub section tested also achieved exit angles closer to design exit angle than
the plain stator section. This allowed the Stage Two rotor to do more turning
and thus extract more work.

Another significant result was that the Stage Three reduced solidity tandem
stator paired with the Stage Three. tandem rotor in Configuration 6 (PPTPTT) had
an efficiency of 0.856 compared to 0.918 for the plain stator -~ tandem rotor
Stage Three used in Configuration 5 (PPPPPT) and 0.923 for the plain stator-
plain rotor Stage Three used in Configuration 1 (PPPPPP). This decrease in
efficiency was mainly attributed to the effect of the reduced solidity stator;
however, it is speculated that some of the decrease in efficiency was due to
the interaction between the two tandem bladerows.

It is interesting to note the comparison between the plain blade turbine
(Configuration 1 - PPPPPP) with a design point overall efficiency of 0.886 and
the turbine using tandem blading in Stage Two stator, Stage Three stator and
Stage Three rotor (Configuration 6 - PPTPTT) with a design point overall
efficiency of 0.883., Even though the reduced solidity tandem stator-tandem
rotor Stage Three was relatively low in efficiency, the tandem stator~plain
rotor Stage Two was high enough in efficiency to enable the overall turbine
efficiency to be down only 0.003 relative to the plain blade turbine. This
could be an important factor when trade-offs between weight and efficiency
can be considered. . -

The Stage Three leaned stator used in Configuration 7 (PPPPLP) had no
influence on the Stage Three efficiency or on the overall turbine efficiency
at the design point compared to the plain blade turbine. However, a significant
result of the use of the leaned stator was observed in the reduction in the
turbine exit swirl gradient compared to the plain blade turbine. This was a
result of the improved hub to tip static pressure gradient at the leaned stator
exit. Another significant result was the achievement of near zero reaction

across the Stage Three rotor hub. These effects are illustrated in Figures 86
through 88. '

Rotor Exit Survey - Turbine efficiency contour plots showing local
efficiency as a function of radius ratio and circumferential position for each
turbine configuration design point are presented in Figures 89 through 95.
These plots are useful for observing trends in so far as they indicate the
regions of high efficiency at the pitchline between the last stage stator wakes
and the regions of low efficiency in the wvicinity of the tip, with a large
decrease in efficiency toward the hub.

The temperature and pressure data used to construct these plots were man-
ually read from the X-Y charts produced by the traversing survey probe. The
accuracy of this technique is only sufficient to determine local trends and
not absolute level of local efficiency; thus, the reader is cautioned against
drawing conclusions about the relative performance of the various turbine
configurations from these contour plots.
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Figures 96 through 98 compare the local turbine total pressure ratio as a
function of circumferential location for the three stage turbine groups. It is
interesting to note that the stator wakes in the hub region only appeared behind
the configuration with the tangentially leaned stator in the third stage.

Based on this information it was concluded that the other three-stage configu-
rations had local boundary layer separation at the hub.

The conclusion of local boundary layer separation at the turbine hub is
also substantiated in Figures 99 through 101 which show the turbine exit flow
angle as a function of circumferential position. These figures indicate that
the flow experienced more turning in the three-stage configuration which had
the leaned stator in the third stage.

Radial Efficiency Profiles -~ Radial efficiency plots showing average
circumferential efficiency for each turbine configuration design point are
presented in Figures 102 through 106. The total temperatures and total pres-
sures measured by the six fixed exit circumferential arc rakes and recorded
by the digital recording system were used to calculate average local
efficiencies.

In Figures 102 through 104 the radial efficiency profile of the three-stage
plain blade turbine (Configuration 1 - PPPPPP) is compared with each of the
other three-stage turbines. The efficiency of Configuration 5 (PPPPPT) was
slightly higher from hub to pitch, and fell below Configuration 1 from pitch
to tip. The overall efficiency of Configuration 5 was slightly lower than -
the plain blade turbine. During the design phase of the Stage Three tandem
rotor it was believed that tandem blading would improve bladerow performance
in the hub region, but not much benefit would be obtained from tandem blading
in the tip region. Therefore, the tandem rotor blade was designed with a
decreasing tangential gap between forward and aft airfoils from hub to tip such
that the two airfoils merged at the tip. The results of the cascade testing
reported in Reference 2 indicated that there was a change in bladerow efficiency
with a change in tangential gap. The radial efficiency profile seems to indicate
that a penalty was sustained in the pitch to tip region because of the decreasing
tangential gap. Configuration 6 (PPTPTT) had slightly higher efficiency than
Configuration 1 from the hub to about 30 percent of the exit height. From
there to the tip the efficiency was considerably lower. The overall efficiency
of Configuration 6 was 0.003 below that of the plain blade turbine. The leaned
stator turbine (Configuration 7 - PPPPLP) had higher efficiency from hub to
pitch, but was lower from pitch to tip. The overall efficiencies of the leaned
and plain turbine were the same at the design point.

Figure 105 compares radial efficiency profiles of the two-stage turbines.
The profile shapes are similar, but the plain blade turbine (Configuration 2 -
PPPP) profile is lower than that of the tandem turbine (Configuration 4 - PPTP)
throughout the entire turbine exit height. The two profiles have the greatest
divergence in the hub region, indicating that much of the gain in overall per-
formance by the tandem turbine was achieved in this region. The tandem turbine
design point efficiency was 0.880 compared to 0.8675 for the plain turbine.

15



The radial efficiency profile of the single stage turbine is shown in
Figure 106. The profile shows that the turbine was more efficient in the upper
half of the flowpath than in the lower half.

The radial efficiency profiles for each turbine configuration show high
efficiencies with pronounced drop-offs in efficiency toward the hub and the tip.
This is an indication of the effects of strong secondary flowfields generated
by the high turning bladerows. The pitchline efficiency is a measure of the
full potential of each bladerow. Additional improvements in the hub and tip
areas are required to enable the bladerows to utiilize their full potential.

Reynolds Number Effects - The turbine Reynolds number was varied by
operating the turbine over a range of inlet pressures (thus changing the density
level) while maintaining a constant turbine pressure ratio.

In Figures 107 through 113 plots of total-to-total efficiency versus
blade-jet speed ratio at constant total-to-static pressure ratio and various
inlet total pressures are presented for each turbine configuration. These
plots illustrate the effects of changing inlet pressure on turbine efficiency
as the turbine operates through its speed range. With each increase in turbine
inlet pressure (and corresponding increase in turbine Reynolds number) the
increase in efficiency becomes smaller until at some point, no further increase
in efficiency should be obtained. The curves indicate that this point was mnot
reached in test.

Plots of total-to-total efficiency as a function of turbine Reynolds number
for three-stage, two-stage, and one-stage turbine groups are presented in Figures
114 through 116. Plots of equivalent weight flow wversus turbine Reynolds number
for the same turbine groups are presented in Figures 117 through 119. Each
point on the plots represents data obtained at or near the design operating
point. Several observations about the plots can be made:

1. There is a decrease in design point efficiency and equivalent
weight flow as turbine Reynolds number is lowered.

2, The turbine configurations which used tandem blading experience
a larger decrease in efficiency and equivalent weight flow with
decreasing Reynolds number than the plaid blade turbines.

3. There appears to be a relationship between change in efficiency
and change in equivalent weight flow as a result of change in
Reynolds number. '

Figures 117 and 118 show that the configurations containing the tandem
stator in Stage Two have lower equivalent weight flows than those configurations
using the plain Stage Two stator. As discussed previously, this was attributed
to a lower stage flow coefficient caused by the tandem airfoil wakes.
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Figure 116 shows that the single stage turbine experienced a larger
decrease in efficiency with decreasing Reynolds number than the three-stage
and two-stage turbines. The curve of equivalent weight flow versus Reynolds
number for the single stage turbine (Figure 119) appears to be consistent with
the three-stage and two-stage turbine curves. It appears that factors other
than Reynolds number were present since the decrease in equivalent weight flow
was consistent with three-stage and two-stage results, while efficiency was not.
One factor contributing to the lower than expected single stage turbine per~
formance at the lower Reynolds number operating points was the increased per-
centage of the turbine horsepower being absorbed by the turbine bearings and
windage losses external to the turbine.

Recommended Improvements - The analysis of the data taken during the two
dimensional cascade tests and the rotating cold air turbine tests clearly indi-
cate the areas of performance deficiencies within the turbine. Several recom-
mendations to improve the overall performance of this three-stage highly loaded
fan drive turbine based on these test results are described below:

1. Operate the three-stage plain blade turbine with the tandem Stage
Two vane. It is predicted that this will increase the overall
performance of the turbine by one percent.

2, Operate the turbine with the leaned Stage Three stator ahead of
the tandem Stage Three rotor. This will produce a positive
reaction at the hub and thus provide the rotor with a more
favorable flow field in which to operate.

3. Design and test a tandem Stage Three stator with the same solidity as
the plain Stage Three stator. This will establish whether the
losses observed in Configuration 6 (PPTPTT) were due entirely to
the reduced solidity Stage Three tandem stator or due partially to
an interaction between the tandem stator and the tandem rotor blade.

4, Design and test a tandem Stage Two blade since this blade operates:
in a stage with high turning stator and rotor airfoils which produce
38 percent of the total turbine output as compared to the third
stage which only produces 20 percent of the total output and has
less turning in its bladerows.

The radial efficiency profiles indicate higher levels of efficiency in
the pitch region with a large fall off toward the hub. 1In order to improve
the overall efficiency of these stages additional techniques must be developed

to diminish the effects of the strong hub region secondary flow fields generated
by the high turning bladerows.
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MECHANICAL EVALUATION

The plain and tandem rotor blades were vibration and fatigue tested under
laboratory conditions to substantiate the analytical effort reported in
References 3 and 4, and to experimentally insure the integrity of the blades
in an air turbine environment through the examination of possible failure
regions and corresponding stress levels.

LABORATORY TEST OF PLAIN BLADE AIRFOILS

Bench Frequency and Nodal Pattern Determination - As a means of substantia-
ting the predicted plain blade natural frequencies reported in Reference 3, a
laboratory determination of these frequencies and the corresponding nodal
patterns was undertaken. This effort included the determination of fundamental
and higher order frequency modes for both cantilevered (restrained at the hub
and free at the tip) and fixed-fixed (restrained at the hub and the tip)

conditions. The restraints used in testing under these conditions are illustra-
ted in Figure 120.

Campbell Diagrams incorporating the most probable and higher order complex
modes are presented for each stage in Figures 121 through 123. The restraining
conditions most likely to represent the air turbine behavior of the blades were
chosen to arrive at the most probable modes of vibration. Centrifugal stiffening
and temperature versus speed effects on blade frequency were neglected. It .
should be noted that the figures compare predictéd and test frequencies for all
the fundamental modes except the flexural modes. Predicted frequencies for the
flexural modes include slipping between adjacent tip shrouds, a condition which
could not be simulated in the laboratory. Thus, no valid comparisons could be
made. The test frequencies for the axial and torsional modes were in good
agreement with predicted values, lending credence to the predicted flexural
mode frequencies. The importance of the presence of the complex higher order
modes within the turbine operating range was diminished by the fact that sub-.
stantial past experience with other blading has shown that these modes normally
require higher amounts of energy to drive and thus become less significant
relative to the fundamental modes. Since the laboratory test results for the
fundamental modes were in close agreement with the predicted values, the dis-
cussion of the fundamental mode resonances within the turbine operating range
presented in Reference 3 remained valid, and it was concluded that the blades
would not experience any excessive vibration during air turbine operation.

Bench Fatigue Endurance Testing ~ A bench fatigue endurance test was
performed on samples of each rotor bladerow in order to establish the fatigue
characteristics of the AISI 410 Stainless Steel in the machined hardware
configuration relative to polished barstock specimens established as the norm,
and to determine relatively weak areas on the blades.

As shown on the Campbell Diagrams for each stage (Figures 121 through 123)
the resonances with the first flexural mode occur closest to the design speed,
and thus pose the greatest threat to successful operation of the turbine.
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Hence, the blades were fatigue tested in the first flexural mode. Although
the first flexural mode could not be exactly simulated in the laboratory, a
portion of the blade behavior in this mode was simulated by fatigue testing
under cantilevered boundary conditions. This accounts for the differences
between predicted first flexural frequencies presented in the Campbell Diagrams
and laboratory blade frequencies shown in Table IX. Since true operating con-
ditions were not simulated, the test data should be used only in a qualitative
manner. Fatigue testing was conducted at room temperature. Stress levels
were selected, and the blades were cycled to failure. 1If no failure occurred
within one million cycles (run out), the stress levels were increased and the
blades were re-cycled to failure. The results of the testing, including
failure location, cycles to failure, and maximum stress on the blades at the
time of failure, are presented in Table X. Photographs of the blade failures
are presented in Figures 124 and 125.

The laboratory fatigue data compared favorably with the average fatigue
characteristics for AISI 410 Stainless Steel. The material in a machined
blade configuration suffered little or no fatigue strength deterioration
relative to the polished barstock specimens established as the norm. It was
concluded that the plain rotor blades had no inherently weak points and had
sufficient fatigue endurance capability for successful air turbine operation.

LABORATORY TEST OF TANDEM BLADE AIRFOILS

Bench Frequency and Nodal Pattern Determination - Because of the complexity
of the shrouded tandem blade configuration in an air turbine environment from a _
vibratory standpoint, attempts to simulate the precise behavior of the shroud
under laboratory conditions were extremely difficult. To a first approximation,
this behavior was most closely represented by a combination of results attained
by testing the airfoils under cantilevered conditions (fixed hub and free tip)
and fixed-fixed conditions (fixed at the hub and fixed at the tip). Natural
frequencies and their corresponding nodal patterns were thus recorded for both
fixed-fixed and cantilevered conditions.

For both the fixed-fixed and the cantilevered conditions, frequencies
were determined for the case of the aft airfoil being excited in one of its
natural frequencies (and thus possibly driving the forward airfoil through
geometric and mechanical coupling), and for the case of the forward airfoil
being excited in one of its modes. Both possibilities exist under actual
operating conditions. The purpose of this phase of the testing was to deter—
mine whether, if one of the airfoils were to vibrate in its natural frequency,
the excitation would be strong enough to carry the other airfoil to significant

vibratory levels. It was concluded from the testing that this behavior would
indeed exist.

Campbell Diagrams showing the significant most probable modes of wvibratiomn
are presented in Figures 126 and 127. Since in air turbine testing, the tandem
rotor was preceded by a 100 vane stator (Configuration 1 - PPPPPP and Config-
uration 5 — PPPPPT) and also a 76 vane stator (Configuration 6 - PPTPIT),
Campbell Diagrams containing the known stimuli for each case are presented
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for convenience. Only results for fixed-fixed testing are included for the
forward airfoil motion since the shroud and dovetall are so massive relative
to the airfoil. For the aft airfoil, a combination of fixed-fixed and canti-
levered results is presented. The higher order complex modes of vibration
have been omitted as was done in the plain blade evaluation.

The several possible resonance points indicated by Figures 126 and 127 were
examined to determine their effect on successful operation of the tandem blade
air turbine. As was the case with the plain blade evaluation, the first flex
mode is the only fundamental mode which is resonant within the operating range
near the design speed. The other resonances were determined to be less signifi-
cant either because the modes are more difficult to drive or because the modes
are in resonance with subharmonics of the third stage stator stimulus and thus
relatively weak in nature. Therefore, the first flex mode of vibration was
chosen for further investigation in the fatigue endurance testing.

During the design phase of the program, it was concluded that a pin con-
necting the forward and aft airfoils near the pitchline was necessary to insure
the dynamic stability of the tandem blade during air turbine testing. The two
airfoils were joined by "half-pins' which were machined onto the airfoils during
manufacture and brazed together at assembly. Concern was expressed about the
vibratory behavior of the tandem blades if the braze joint at the pin should
break. Such an event occurred during vibration testing of the blades, and it
was found that the separated blades were very hard to drive to any significant
amplitude. This was believed to be due to the damping of motion caused when the

pin halves banged together. Thus, it was concluded that separation at thé braze
joint would not present a problem.

Bench Fatigue Endurance Testing - Because of the complex geometry in the
pin region and the sharp edges in the hub and tip shroud regions, it was
decided that fixed-fixed clamping conditions would yield fatigue testing
results most representative of possible tandem blade behavior in the air
turbine. The tandem blades were then cycled in the first flexural mode of
vibration at room temperature. Since the scope of the program was not broad
enough to include the testing of a large sample of tandem blades at temperatures
and boundary conditions representative of true air turbine operating conditioms,
the results were used only in a qualitative manner.

The results of the fatigue testing, including failure location, cycles to
failure, and maximum stress at the time of failure, are presented in Table X.
Photographs showing a typical fatigue crack on the leading edge of the forward
airfoil just under the tip shroud are presented in Figures 127 and 128. As
indicated in the table, some failures at the pin braze joint occurred during
the testing. The effect of pin braze joint failure on vibratory stress levels
was previously discussed. Once the pin braze fails, it is not clear that any
further failure propagation will occur. On the other hand, once a crack
forms in the parent blade material, it will propagate rapidly. For these
reasons, failures at the pin braze joint were rebrazed and the testing was
continued until a failure occurred in the parent material. It is appropriate
to note that inspection of the pin braze joints after air turbine testing
revealed that no such pin separations occurred during actual rotating testing.
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On the basis of the vibration and fatigue endurance testing of the tandem

blades, it was concluded that the blades had sufficient fatigue endurance
capability for successful operation in the air turbine.
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SUMMARY OF RESULTS

Three highly loaded fan drive turbines were designed and tested: (1) a
three-stage turbine using all plain blading, (2) a three-stage turbine using
tandem blading, and (3) a three-stage turbine using a ten-degree tangentially
leaned stator. Each turbine was designed for the same velocity diagram and
each used the same flowpath. Seven turbine configurations were tested in
order to evaluate the stage performance and assess the performance effects of

the three turbine designs. The most significant results of the testing and
evaluation are summarized below:

4

1. At the design speed and pressure ratio (PT ofPT3 = 3.47, N/Vbcr =
3169.0) the plain blade turbine (Conflguration 1 - PPPPPP) achleved
an overall total-to-total efficiency of 0.886.

2. At the design speed and pressure ratio, the leaned stator turbine
(Configuration 7 - PPPPLP) also achieved an overall total-to-total
efficiency of 0.886 while at the same time achieving a significantly
improved exit radial swirl profile. The leaned stator turbine
was also successful in raising the Stage Three hub reaction from
negative 20 percent to zero reaction.

3. While no three-stage turbine configuration achieved greater design
point efficiency than the plain blade turbine, two turbines (Con-
figuration 5 ~ PPPPPT and Configuration 7 - PPPPLP) maintained higher
efficiency than the plain blade turbine throughout a greater portion
of the operating range.

4. Stage performance calculations showed that the reduced solidity
tandem stator in Stage Three caused a significant decrease in
stage efficiency compared to the plain blade nominal solidity
stator stage. (Plain stator~tandem rotor Stage Three efficiency

was 0.918; tandem stator-~tandem rotor Stage Three efficiency
was 0.856).

5. The two-stage configuration incorporating the tandem stator in
Stage Two achieved a design point efficiency of 0.880 compared to
0.868 for the two-stage plain blade turbine.

6. Stage performance calculations showed that Stage Two with the
tandem stator had a stage efficiency of 0.873 compared to a stage
efficiency of 0.846 for the plain Stage Two.

7. The one-stage configuration achieved a design point total-to-total
efficiency of 0.875.

8. Radial efficiency profiles showed high efficiencies in the pitchline
region, with pronounced drop-offs toward the hub and the tip. The
leaned stator turbine had improved efficiency in the hub region but

lower efficiency in the tip region compared to the plain blade
turbine.
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Results of Reynolds number testing accomplished by varying turbine
inlet pressure (and thus varying density level) indicated decreases
in design point total-to-total efficiency with decreasing Reynolds
number. The turbine configurations using tandem blading experienced
a larger decrease in efficiency with decreasing Reynolds number

than the plain blade turbines.
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APPENDIX A

OVERALL PERFORMANCE CALCULATION

Flow Angle - In order to evaluate turbine performance on the basis of
turbine exit total pressure calculated from continuity, an average turbine
exit flow angle was determined. The turbine exit flowpath was divided into
streamtubes, and measured values of swirl angles, total pressure, and total
temperature were used to-satisfy continuity within each streamtube. The tur-
bine exit measured static pressure was assumed to vary linearly from hub to

tip. The determination of the awverage turbine exit flow angle proceeded as
follows:
m
Y p, V, A, cos T,
. i i1 i
i=1
cos T =
avg 0

v A
avg avg ~amn

o IR A Y p YL
where: oy Vi = PS J/ Yg 2 <_I Y /1 <_I. ¥
i

RTT, v=-1 PS ) PS i
i i i
PT = Measured total pressure at center of i-th streamtube.
PS = Static pressure at center of i-th streamtube based on
linear variation in measured static pressure from hub
to tip
TT = Measured total temperature at center of i-th streamtube
r = Swirl angle
o = Density
\ = Absolute velocity
A = Area
m = Number of streamtubes
i = Subscript denoting streamtube value
ann = Subscript denoting value for total annulus
avg = Subscript denoting average value for total annulus

The average velocity representing the turbine exit flow field was calcu-
lated by conserving the axial and tangential components of momentum, such that
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1/2
v = V2 + V2 >
avg U,
avg
m
Z W V sin F I W,
i= i=1 *
where Vu =
avg
m
T W, V, cos T I W
j=1 + 1 1=1
v =
z
avg
Py ——-Y;l
and Vi = 2chp TTi 1 - 7
T/,
i
Vu = Tangential component of absolute velocity
Vz = Axial component of absolute velocity
Wi = Weight flow through i-th streamtube = iniAi cos T,

The average turbine exit total temperature was determined through an
energy balance of the annular streamtubes.

m m
E Wi TTi LW,
T _\i=1 i=1 "

T
avg

The average density at the turbine exit was obtained from the equation
of state.

PS
_ avg
pavg R TS
avg
Vavg
where TS = TT - 7g Jo
avg avg
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Overall Performance - After obtaining the average turbine exit flow angle,
the exit total pressure was calculated in the following manner:

v/y-1
-1 .2
P, =P (1 + L= )
T3 S3 2 3

Turbine exit Mach number, M3, was determined from the following relationship:

W /R TT
vV 3 _ y-1 .2
P, A cos T AL M3 1+ 2 M3
S ann avg

Turbine exit total temperature, TTB’ was determined as follows:

T = -
3 0o c
%
2m Nt
where Ah = 50 3
N = Turbine rotative speed, rev/min
T = Measured torque, ft-1bf
= Measured turbine inlet total temperatures ° R
Too
W = Measured turbine weight flow, lbm/sec

Turbine inlet total pressure was calculated in the same manner as the
turbine exit total pressure. The calculation used measured airflow, measured
inlet total temperature, the average of measured hub and tip static pressures,
and the assumption of zero inlet swirl angle.

The remaining parameters used in the overall performance calculation were
obtained as follows:

8

Py /14.696

8
cr

Ty, /518.688

i

> 1.0 (for v = 1.4)
Equivalent Speed, W EQV = N/vecr
Equivalent Weight Flow, WA EQV = ercr e/8

Weight Flow-Speed Parameter, WAN EQV = WNE/608
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Equivalent Torque, TQ EQV = 1e/$

E _ 27 N1

Equivalent Specific Work, DH EQV = 6 . T 60 J Op ¥

Ideal Equivalent Specific Work, DHI EQV =

y-1
T Y
E 3
= = T Y [
(ecr> % Mool t Pp Yer
ideal o
Total-to-total Efficiency, ETA TIT =
- (-EV/ E
"t T \B__ )/
ideal
Blade-Jet Speed Ratio, U/CO =
1/2
v o= KNZ
iy=1
P
Sa\ Y
c T 1 - _3
p Too PT
0
2
where: K= I \—= 2¢ J
i=1 720
where: m = number of turbine stages
Dp = pitchline diameter of the i-th rotor
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APPENDIX B

STAGE EFFICIENCY CALCULATION

Calculations were performed to determine the efficiency of each stage of
the various turbine configurations operating at the design point. In order to.
compare stage efficiencies on an equal basis, calculations were performed for
a three-stage turbine total-to-total pressure ratio of 3.47. This is the
pressure ratio at which the design equivalent specific work of 33.0 Btu/lbm
is extracted when the three-stage plain blade turbine operates at design
equivalent speed., The calculation procedure is outlined below:

1.

Enter curves of equivalent specific work wversus total-to-total
pressure ratio at design equivalent speed for the three-stage

turbines to obtain equivalent specific work at a pressure ratio
of 3.47.

Enter three-stage turbine curves of normalized static pressure
versus total-to-total pressure ratio at a pressure ratio of
3.47 to determine normalized static pressures at the hub and
tip of Stage One and Stage Two exits.

At the Stage One and Stage Two normalized hub and tip exit
static pressures, enter curves of normalized static pressure
versus total-to-~total pressure ratios across the one-stage
and two-stage turbines.

Enter curves of equivalent specific work versus total-to-total
pressure ratio for the one-stage and two--stage turbines to determine
their equivalent specific works.

Using the above information and Keenan and Kaye's Gas Tables
(Reference 7), calculate the stage efficiencies.

An example, showing the stage efficiency calculations-for the plain
blade turbine, is presented below.

1.

2.

28

At PTO/PT3 = 3.47, (E/Bcr) = 33.0 Btu/lbm
At Stage One exit, Pg/Pr = 0.494
At Stage Two exit, PS/PTO = 0.300

For the one-stage turbine, Pp /Py, 5 = 1.604

For the two-stage turbine, Py /P = 2.66
o' "T1.5

For the one-stage turbine, E/eCr 13.76

For the two-stage turbine, E/GC 26.38

T



Enthalpy

5. Stage efficiencies are calculated from the above information and the

accompanying sketch which was constructed using Table I of Reference 7.

E/GCr Ah
Stage One 13.76 | 18.570
Stage Two 12.62 | 17.031
Stage Three 6.62 8.934
Total 33.00 | 44,535
h, = 167.56 — - -
hy 5= 148.99 — - 4 — -
hl-3i = 146,349 — - -
= 11.278
h, = 181.950 - - -
hy s, = 128.855 - - -
h3 = 123,025 — — ] g = 8.646
h3i = 122,276 - — 4

Entropy
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Stage One

h ~ 1

o 1.3 167.560 - 148.990
Mo, = - BT AN, = 0.875
TT ~ h - h 167.560 - 146,349
[0) 1.31
Stage Two
h - h
_ 1.3 1.5 _ 148.990 - 131.959 _ o o
o T 4 ~h 148.990 ~ 128.855 :
1.3 1.5;
Stage Three
_Pis T M3 131,959 - 123,025 | o,s
N hy ¢ - by 131.959 - 122.276 :
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APPENDIX C
REYNOLDS NUMBER CALCULATION

The turbine Reynolds numbers were based on the energy weighted Reynolds
numbers of each blade row as defined below:

_ (\m > ///m
= L bh, I bh,
k i=1 7 _RNi i=1 7

where
R, - <12wz
i H ndo b i
and Ahi = Equivalent fractional energy extraction of i-th bladerow.

The equivalent fractional energy extraction of each bladerow is derived
as follows. The velocity diagram energy for each stage can be divided into
two constituents associated with the stator and rotor leaving energies.

This division of the total stage energy is illustrated on the following

enthalpy-entropy diagram:

—f -

Ahy

>
=2

stggx —
Ahg

v

Enthalpy

Entropy
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The energies Ahj and Ahy can be expressed in terms of the stage velocity
diagram parameters as shown below:

From the sketches,

1
Ah = —= U, Vv + U
‘stg gJ ( 1 uy 2 Vuz)
Ah - L (U, vV, sin o, + U,R, sin B, - U 2)
stg gJ 1 1 1 272 2 2

With the appropriate combination of terms and algebraic manipulations
the above expressions can be simply expressed as:

UlZ _ U22
Ahstg= Ah1+Ah2+ —ZEJ_—'——"'
where
-
2
by = '2'\%“ (:‘?’)(2“““1";)
g 1 N
and
2 -
R U U
2 2 . "2
Ah2 = Zg7 Rz 2 sin 82 - Rz
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Vl2 R 2
The terms -Zg—f and —Z-gj are the energy equivalents of velocity leaving

the stator and rotor respectively.

U i) U U
The terms [(%) 2 sin o; - %)] and li(%) (2 sin B, - —1-12_)]
1 1 2 2

are properties of the velocity diagrams at the stator and rotor exit planes.
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Ah
stg

ex
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APPENDIX D

LIST OF SYMBOLS

5
Area (in.”)

e 2 2,
Specific heat at constant pressure (ft /sec” °R)
Diameter (in.)

Bladerow throat dimension (in.)

Maximum distance from axis of least moment of inertia,
blade suction (convex) surface

Turbine energy extraction (Btu/lbm)

Stage energy extraction (Btu/lbm)

Height of bladerow at exit (in.)

Height of bladerow at throat (in.)
Tangentially leaned bladerow

Blade or vane suction surface length (in.)
Mach number

Number of bladerows, streamtubes, or stages
Rotational speed (rev/min)

Number of vanes or blades

Plain bladerow

Static pressure (psia)

Turbine ;xit static pressure

Total pressure (psia)

Turbine inlet total pressure

Turbine exit total pressure

Gas constant (ftz/sec2 °R)

Rotor exit relative gas velocity

Reynolds number

Energy weighted overall Reynolds number



W

E/GCr

Wve  €/§
cr
N/vV8
er

WNe /608

gJAh/2U2

TT

Tandem bladerow

Static temperature (°R)

Total temperature (°R)

Turbine inlet total temperature
Turbine exit total temperature
Spacing (in.)v

Wheel speed (ft/sec)

Absolute velocity (ft/sec)

Mass flow rate (1bm/sec)

Equivalent specific work (Btu/lbm)

Equivalent weight flow (lbm/sec)
Equivalent rotative speed (rev/min)
Weight flow - speed parameter (lbm/secz)
Loading factor

Vane inlet absolute flow angle (degrees)
Vane exit absolute flow angle (degrees)
Blade inlet relative flow angle (degrees)
Blade exit relative flow angle (degrees)
Stage leaving swirl angle (degrees)
Specific heat ratio

Ratio of turbine pressure to pressure at standard sea
level conditions ’

Yar /Yar ™
) , Yo, |[/y+1\Y/ Y"1/ (Vs t1) SL SL
Function of y defined as ~ 1= /

2 2

Total~to~total efficiency

|
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Mg Total-to~static efficiency

”cr Squared ratio of critical veloclty at turbine inlet temperature
’ to critical velocity at standard sea level temperature

u Viscosity (1bm/sec~ft)

v Blade-jet speed ratio

fo Density (1bm/ft3)

T Torque (ft-1bf)

Teq Equivalent torque (ft~1bf), Teq= Te/$

Subscripts

B Relative to rotor blade

h Hub

i Current axial station, stage, streamtube, or ideal
P Pitch

R Relative

r Radial component

t Tip

u Tangential component

z Axial component
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a.

TABLE VIII. OVERALL AND STAGE PERFORMANCE SUMMARY

Overall Performance

Stage(s)| Configuration | Equivalent Specific | Total-to-Total Total-to-Total
Work, E/(—)Cr Pressure Ratio Efficiency,nTT
1 3 -PP 13.76 1.604 0.875
1+2 2 - PPPP 26.38 2.66 0.868
1+2 4 - PPTP 26.78 2.66 0.880
1+2+3 1 -~ PPPPPP 33.00 3.47 0.886
1+2+3 5 - PPPPPT 32,97 3.47 0.885
1+2+3 6 -~ PPTPIT 32.90 3.47 0.883
1+2+3 7 - PPPPLP 33.00 3.47 0.886
b. Stage Performance
Stage Stage Stage Equivalent Stage Total-to-| Stage Total~to~-
Configuration Specific Work, Total Pressure Total
E/ecr Eff1c1ency,nTT
1 - PP/ 13.76 1.604 0.875
2 /PP/ 12.62 1.658 0.846
2 /PT/ 13.02 1.658 0.873
3 /PP 6.62 1.305 0.923
3 /PT 6.62 1.305 0.918
3 /TT 6.12 1.305 0.856
3 /LP 6.62 1.305 0.923
Key: P - Plain Bladerow T -~ Tandem Bladerow L ~ Leaned Bladerow
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TIP

Numbers Shown on Velocity Diagrams are Angles in Degrees
and Mach Numbers

Figure 1. Turbine Design Velocity Diagrams.
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Figure 6.

Figure

SR Sv—

R

Stage Two Plain Stator Assembled in Outer Casing.

7. Stage Three Plain Stator Assembled in Outer
Casing.



Figure 8. Stage Two Tandem Stator Assembled.

Figure 9. Stage Three Tandem Stator Assembled.
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Stage One Stator Installed in Test Facility.
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Figure

Typical General Electric, Evendale, Air Turbine Test Facility
Configuration,
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Equivalent Torque, Te/d, Ft-Lbf
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Figure 21, Equivalent Torque Vs. Total-to-Total Pressure Ratio,
Configuration 1 (PPPPPP),
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Equivalent Specific Work, E/6,,, Btu/Lbm
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Figure 23. Equivalent Specific Work Vs. Total-to-Total Pressure Ratio,

Configuration 1 (PPPPPP),
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Equivalent Toruqe, Te/§, Ft-Lbf
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Figure 27, Equivalent Torque Vs. Total-to-Total Pressure Ratio,

Configuration 5 (PPPPPT),.
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Equivalent Specific Work, E/ecr, Btu/Lbm
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Figure 35. Equivalent Specific Work Vs, Total-to-Total Pressure Ratio,

Configuration 6 (PPTPTT),
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Equivalent Torque, Te/d, Ft-Lbf
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Figure 39. Equivalent Torque Vs, Total~to-Total Pressure Ratio,
Configuration 7 (PPPPLP),
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Equivalent Specific Work, E/6¢y, Btu/Lbm
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Figure 41. Equivalent Specific Work Vs. Total-to-Total Pressure Ratio,
Configuration 7 (PPPPLP),
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Equivalent Torque, T Ft-Lbf
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Total~to-Total Pressure Ratio, PTO/PT3

Configuration 2 (PPPP),

Equivalent Torque Vs. Total-to-Total Pressure Ratio,
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Equivalent Specific Work, E/6.y, Btu/Lbm
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Figure 47, Equivalent Specific Work Vs. Total-to-Total Pressure Ratio,

Configuration 2 (PPPP),

105



*(dddd) 7 uoT3BINSTFUOD ‘OT3eY poods 3op-opelid ‘SA AOUSTOTIFH TBIOL-03-1BIOL ‘8% 2an3T4

A ‘oraey peedg jep-opeldg

350 8%'0 $%°0 0¥ °0 9€°0 %€°0 82°0 $Z°0 2B2'0
: 8Lt 0
e

xx 6L°0

0L v
08 & 08°0

06 O
00T O : 18°0

01T o saop o1Froedg juerearnby 1
0Z1 \Vi uSisag 01 Surpuodsorro) +H Ay Z8°0
o13ey peodg. 1oL -opBId \
S1sep,
we u«mmm\\zv % £€8°0
: $8°0
417
“ ¢80
fisios . 98°0
BN L8°0
% b

; < )
_ 88°0
68°0
06°0

Ll ¢fousToryyd TEIOL-01-TBI0L

106



Total-to-Total Efficiency, Npp
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Figure 49. Total-to-Total Efficiency Vs. Total-to-Total Pressure Ratio,

Configuration 2 (PPPP),
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, Ft-Lbf
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Figure 51. Equivalent Torque Vs, Total-to-Total Pressure Ratio,

Configuration 4 (PPTP).



Equivalent Weight Flow, W,/ecr ¢/6, Lbm/Sec

110

29

28 e g
e
) t =
L Ny
BE"Caans
27
26 i
i Pressure Ratio Corresponding
f1 to Design Equivalent Specific
$ Work
f + $rded
25 o A
7 aiif % (N//ecr ) design
i
ﬂ O 120
5 O 110
24 O 100
O 90
O 80
23
1.2 1.6 2,0 2.4 2.8 3.2
Total-~to-Total Pressure Ratio, PTO/PT3
Figure 52, Equivalent Weight Flow Vs. Total~to-Total Pressure Ratio,

Configuration 4 (PPTPR),



Equivalent Specific Work, E/8.,, Btu/Lbm
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Figure 53, Equivalent Specific Work Vs, Total-to-Total Pressure Ratio,
Configuration 4 (PPTP).
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Total~to-Total Efficiency, Ypp
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Figure 55. Total-to-Total Efficiency Vs. Total-~to-Total Pressure Ratio,

Configuration 4 (PPTP),
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Equivalent Specific Work, E/6.,, Btu/lbm
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Figure 59. Equivalent Specific Work Vs, Total-to-Total Pressure Ratio,
Configuration 3 (PP).
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Total-to-Total Efficiency, My
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Blade-Jet Speed Ratio, V

Figure 60, Total-to-Total Efficiency Vs.
Blade-Jdet Speed Ratio, Con-
figuration 3 (PP),

118



*(dd) & uorzBInSTFUOD ‘OTEY SINSSAIJ 1BIOL-03-TBIO0L "SA AOUSTOTIIH 183I0L-03-1830L ‘19 OIn3TJg
nbm\oym ‘o13ey eangsetd [e3CL-03-1830%
02 6°'T 81 L1 9°'1 ST 1 £°1
i AIoy w_
usysaq 03 - ; i
aangsaxg ; :
i
: E oL v
R i o8 O :
_ 5 06 o
: & e 00t O
1 1141 o
i S et @
e uBTS9D (X /)%

11

880

06°0

‘£ouUBIDTIIY T¥I0L-03-TBIOL

iy,

119



*(dd) ¢ uorrean8tyuo) ‘xdjoueied poddg-moTd IUSTOM °"SA HIOM OTFToodg judjearnby

dos/wWAT €Q09/3NM ‘xozouweseq peodg mord FySTOM

"9 ean3tg

2
0081 0041 0091 00ST 0071 00€t 00281 00T 000T
T
| g ST L

: | b - 2 Thi
£ Stas 1 W&ﬁ et L o
: AR ; it A bt 2
“ b : : g
¥ g \.,W . 13 i i M
i " RN T F s o
. / : =
: - : o
: T ¢y =

0& H A Sy
T i e w0
A& [ e}
sl 5 i s
e =S i
o g =
2 3 - e
.y Y b " ]
e, 3 x
£ = ns akb | : ¥1 -
i = >
D

i & I
L o8 b
B w
5 esshei it m
3557 ot Laaten M..&m.{u.ww... = g 91 _,ml._
_ > u i . ) :
A 00T
jxop dTyroadg
juaTBATNDY ultsoq @ 81
38
X 02

120



*(dddddd) 1 uorjreandtyuo)
‘o138Y 9Inssald TBIO0L~03~[B10L °‘SA enbio] jusyeaInbd [en3Oy pue pd3dTpadid ‘€9 oInd1g

€Ly/0%g ‘oraey exnsseag T®10J-01-TBIOL

0'v 9°'¢ 2'¢ 8°¢ $°C 0°3 9°'T 2T
ogcss 009
i
: . 000T
i SIOM |
&= 213To0dg jusTeATnbyg uSiseqg o1 " Y _
mm Surpuodsaago) O0TIRY DINssOId i . / 00% T
i ) L i fl 1 s i L . w M_
e £eadf " £ 0081
S :
4 {
02137 57
) 0043
s AV
: O 00T o [
00T =22 Lo
: < 08 AV ”.,mm
i T
« it 009z
5 BTSSP (X2 .y g)  eyeq 8oy i
poonpey HHH
UCTIIOIpaId 18939ad mmm.q
.HMO..\,\Z o&v T
B 000€

121

¥d1-14 ‘9/91 ‘enbioj juerearnby



*(dddddd) T uoTieandtyuo)d

‘0118Y OInssaxd 1810]-03~18305 °‘SA #M0Td 3Uy3Top JusTearnby [enjoy pue paloIpdid ‘%9 2In3Tg
€. ,0 ¢
d/ Ld ‘orrey sinssaxd [BIOL-01-TBIOL
'y (A 4 o°'¥ 8'¢€ 9°'¢ v'e g'¢ 0o°'g 8°% 9°%g v°'g 2°'g 0°%g 8°1 9°1 1 2°1
A \V 2
001 O 0 o .*
08 O i B
J-—f
uSISOP (12 47y 9)  ereq 3sel JorE
paonpay BLNE mnums ve
UOT1OIPOIg 15910 d )
? ::ﬂ oz
i RI0M w.s
223 o1y1o0dg jueTeaInby usrseq o1 ; -
= Surpuodsaggo) 011BY dInssaad = n
G H f 9¢
R ;
L2
Easn
% o e ot
o oe
00T S . 8%
08 =

sog/uay <9/ ¥29/m ‘mora uSTOM jusTeAINDy

122



* (dddddd)
1 uorzeandIIuo) ‘orjey poadg 38p-9pBIY "SA ADUSTOYTIFH 1B3O0L~03~[BIO] TBN}OY Pue Pa3dIPazd ‘g9 ©IN3tg

A ‘orzey pesds jop-opeiq

89°0 99'0 ¥9°0 9°0 09°0 8S'0 980 ®S'0 8¢'0 08'0 8¥°0 9%°0 FF'O0 2T¥'O OF'0 8£°0 9£'0 VE'O ZE°0 O0L°0 820 9%°'0 ¥T°0

oz1 i 8L°0
031 AV
001 @)
08 <& 080
uATSeP (1% f/y o) e3eq 3oL T
paonpay mmmu
WOTIOTPRAd 389301g m—— IH] 5
: : z8'0 &
' T
00T t o
m ;
=}
Hxop oTFioedg juaieAInby 08 g
u8tsoq 01 SBurpuodsaxrio)d Y m._
H goue) oTyey peeds jep-operd $8°0 -
; i B -
! 2
b
1 <
98°0 mhw
7,
i - = & 88°0
_ : Fils 001 = UBTESP (109 4y o)
06°0

123



*(dddddd) T uotr3eandryuo)
‘oT3BY 9INSSaId TBIOL-03-1B10J, 'SA AOUSTIOTIFFA [B310L-03-1830L [BNIOY pue polorpaixd ‘99 2Indtg
m.ﬁm\oem ‘orzey eanssoid 1830L-01-TBIOL

2'v ¥'P A 0¥y 8°¢ CRE T A 1 g'¢ 0°e 8°3 9°% v'e (A4 0°¢ 8'1 9°1 vl

8L°0
0zl \V/ m {6270

00T O i
08 Av ﬁ 08°0
UBTSOP (/5 4)  wyea asey i 18°0

poonpay s
LI0M UOT3OIpaId 1S9304d J
orFtroadg jusreaTnby uSiseq o3 i .
Sutpuodsairo) OT1BY 9INSSOIJ i 8870
At & £€8°0
08 % J
TN X ¥8°0
ww ¢80
1 98°0
ﬂmuuu
+d 28°0
s e

T 88°0

00T Sl it = it G B

_‘ i "

" : e 68°0
- ustsep(. 06°0

0zT = (26 ) -

LI, <foustoryyy T®10L-01-TEIOL

124



2400

2300 :
% N//G o = 80
2200 ( crdesien
; MY
2100
2600 + ,
100

1800 H:

1800

1700 L 120 B
- y
e
f 1600
Fay
o
< 1500
w
ad
o 1400 fHH
=
a
o B
B
s 1300
g T
2 d =3
g 1200 HHH s Pressure Ratio Corresponding
g K to Design Equivalent Specific 3
= Work ‘ H

1100

1000 prr

900 |

800 ki p
| Pretest Prediction
Reduced .
700
Test Data (% N//Bcr)design
500 4 o 80
O 100
500 [EE AN 120

400
1,2 1.4 1.6 1.8 2.0 2.2 2,4 2.6 2.8 3.0 3.2 3.4 3.6

Total~to-Total Pressure Ratio, PTO/PT3

Figure 67, Predicted and Actual Equivalent Torque Vs, Total-
to-Total Pressure Ratio, Configuration 2 (PPPP).

125



Equivalent Weight Flow, W/B,,. ¢/86, Lbm/Sec

126

29
(% NA’ecr>design = 80
% Tty 100
28 S e ST OIS
t ) 120
27 '[ 25
f
f
ij fo
26 ! /4 : Pressure Ratio Corresponding
4 / i to Design Equivalent Specific
.'l ﬁt i Work
# 7 %
1 :
25
Pretest Prediction ]
24 Reduced ég
Test Data (% N// 9cr)design gé
O 80
O 100 e
23 A . 120 e
22
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.
Total-to-Total Pressure Ratio, PTO/PT3
Figure 68, Predicted and Actual Equivalent Weight Elow Vs,

Total-to-Total Pressure Ratio, Configuration 2 (PPPP),



* (dddd)
Z uor3eiIngryuo) ‘orjey poeds jep-spelg ‘SA AOUSIOTIFH T8310L-03-1B30L IBNIOY pue pajyorIpatd ‘69 oin3td

N ‘orrey peadg ep-operd
0S'0 8%°0 9%'0 ¥F'0 T¥'0 O¥°0 8E£'0 9€°0 ¥E'0 TE'0O OE°0 82°0 9%°0 %0 8T'0 0'0 8I'0

33 1 £ Ow-O

- %001 = WBTSOP(I%9//y) 3w : 18°0
eieq 3seL peonpey O

UOTIDIPOId 159323d 28°0

€8°'0

¥8°0

g8°0

00T = QWHmmuAaoox\z &v 98°0

Yok ¢ 18°0

4 . 88°0

itz i it B i . 68°0

06°0

127

334 T®1O0L-~031-1®8301L

LI, ¢£oustot



*(dddd) ¢ uorjeaInstyuo)
‘orgeYy PJanssaid 1e305-031-18310L "SA £oUSTOTyIH T®310L~01-1B30L TBNIOY pue poydIpdid "0L oanS1g

€L3/01g coryey eansseig 1eI0L-03-TEIOL
g ¥°Z Z'2 0'Z 871 9'T #%7T 2'T 0°'T

(4 0°g 8°'%g

8L°0

%
-

: e = } SR Ema
A HIOM
ot3Toodg juoreAINby usrseq 03 6L°0
Sutpuodseaxo) 0T1BY SINSSAIJ

i
1

OAORY

08°0

| |
T
Qo
o0

R R
LR R

nmﬂmvanom>\z &V e1RQ 189] :
poonpay : I8°0

UoT3OIPaId 159384d

0 A O

FEEETTT

gs8'o

18°0

i 06°0

Ll ¢foustoryzd 1®30L-01-1820%

128



*(dd) ¢ uorleIndTruo)d
‘oraey oanssaxd 18310L-031-1810J °"SA anbxo], jusjearnby Tenioy pue pajdIpaxd 1L 8InSTg

€13/0Lg ‘orrey emmsseig 1¥30L-03-1¢30%

9°'g v'g 2% 0°%Z 8°1 0°'1 $°T : O.H
008
+{00€
.r..n“ OO¢
AIoOM LA
. o1J1o0dg jusTBATNDY uSTseq 03 dsegy dsicry
Surpuodsexio) OTIBY OINSSAIJ ¥/ fans 00c
| 021 ik 7igisicy _
- 5 Y . 009
o 00T @ ;
i 08 i A
ﬂ © 7 B 002

u8tsap (ao
- vA 8//N &V BlEQ 1S9F : .
poonpay 7 2 008

1 3

10 T 0
IEREEERE B

i @OT10TPaid 18931944

+

006

0001

0011

T

002T

0g = UBYSSP (T2 4 00ET

00%1

129

Ja1-1d4 ¢9/91 ‘onbao] juerearnbyg



*(dd) € uorzeanSTFuod
to13BY oanssaid 1®IO0L-03-183I0L "SA MOTJ qyStepm jueiBATNbI Ten3OY pue paldIPaId 7L oan8 T4

mam\oam fo11ey 9aInssaxd Te310L-03~1BlOJ

9°'% 0°'% 8°1 9°'1 71 0°T
; ? ord
£ \Y%
et o
2 m 08 O .
= UBTSOP (19 r/y o) v1eq 359%
i peonpay
WOT1OTPaId 359304d .& i
i unw 14
sIoM mmm%
orztoedg jueteATnby usriseq 03 ey 9%
= Sutpuodsearo) OT1®Y SINSsSSId ol s
! 1z
M z.
02T £ : S 8
00T sl iaes :
m !
og = "BTSOP (T3 p/y o)
62

oag/mary ©Q/2 25/ ‘moTg IUSTOM JUSTBATNDE

130



*(dd) ¢ uorieandtyuo) ‘orey peadg jop-opeld °SA AOUSTOTIFH 18310L-03~1B3O0L [ENIOY Pue paldIpaigd ‘gL 2Indtg

A ‘orzey pesdg jor-opeid

8F°0 OF'0 ¥F°0 ZP°0 OFP°0 8E'0 9€°0 PE°0 BE°0 0E€°0 83°0 92°0 ¥g°0 8Z°0 02°0 8I'0 91°0

LI, ¢£ousToTIIH 1®10L-03-TE3IOL

axy 08°0
%001 = ustsep Anllkom \zv g : ﬁwm.nmm Io ! es’o

= e eyeq 3ser peonpey O . oot = TP (T /x g) |

UOT19IPaId 15@294d : %ﬁ
\ ¥8°0
98°0
P
: 88°0
1 gaas 2o
y s=e
gusn cSiasaif gaese=: coans

06°0

131



*(dd) g€ uorreandriuc)
‘0T3BYy 9INssaId 1B}O0L-03-1820L °"SA ADUSTIOTIFH 1BIOL-03-TEBIO0L TEBNIOY pue pajxodIpadd ‘. 2aInS1g

m.ﬁm\oam €013BY oInsseld [BIOL-01-TBIO]

1°2 0°% 8'T LT 9°1 S°'T ¥t 21
_ T T T e T R T o L e e e e P R e T ] = oLt
4 R I : it s t ul
2 ; ; ZL%0
: 08 O H
= yropn orgToedg u.ﬁ@ﬁ.m\r._”ﬁdm ugiseq 001 O B $2°0
03 Surpuodssaro) OTjley SINssAIg : 0Z1 \V e 3
T P . 1 -+ w m
u31sa
: SOP(Tog M)y eaeq asal w
L psonpey o
. : s g
RN ARRE j UOTIOTPOIg 3s8318ad
08 = WITSP(T%//N)% L e i E
o St e HET 0870y
xn 1 } : T
[
£ LA ] e
1 [¢]
00T 58 28’0 §
8
= m
T A ¥8°0 uu
! : g S &
: e 98°0
o -+ 4
ﬂ” H“ _—:zwn—

132



‘poadg jusieainby uSisog 3B OI}eY daInssarg [B10L-03-1B10], °SA AOUSIOIIJFH TBIO0L~01-TB1O0L

*Suor3BINSIIUO) SUIqIn] 83elg-oa.1y],

‘gy, 2andtyg

€. 0
Ly/ Ig ‘oryey einssexg 1€30L-03-1EI0L
Z2'v O0'F 8°'€C 9'€ ¥P¥'S 2°¢ 0°€t 82 9°% ¥'% 2Ii 0% 871 9T I 21
w T 08°0
- m 18°0
1 (d71dddd) L UOT)BANBIFUOY =~ =~
_v - (LIdLdd) 9 UOT}EINITIUOD e — = ——em 28°0
(ILddddd) ¢ UOTIBINSTIUOY === — — ==~
(dddddd) 1 uorjeandtjyuo) £€8°0
$8°0
m g8°0
YIOM =
oryroedg jusiearnby ulStseg o1 .
Surpuodsearo) 0tT31eY OINSSdIJ 98°0
; 18°0
e 88°0
& o eSS s \mw
B : 68°0

06°0 "

L, <foustoryym TeIOL-03-TEIOL

133



*suorlBINSTIUOD 2UTIQIN] 98wlg-doiy] ‘peedsg
juateAaTnby udtseqg 3® OT3BY dSINSSAIJ [e}OL-01-[BIOL "SA MOTH 1yStepm juereATnbyY °g9sz axInN3TI

€14/0L3 coryey eanssead 1e30L-01-TEIOL

vy 0¥ 9'¢ Z'¢ 8°2 v'e 0°2 91 Z'1
- ~— €3
: 24
22 (1LIdLdd) 9 UOT3BINSTIUOD -
FHF (47dddd) L UOT3eANSTIU0D
[t pue (Lddddd) € UOT3BIn3TIUOD
t35s (dddddd) T woTjeIndtyuo) o1
; 9%
yaop o1yroedg jusieainby ultseq
' 01 Surpuodsadio) OT3eY aJINssald
a L 12
15 ,nlrmw‘ mn \%J\
;. b mu WN
62

0/M ‘moTg 3ySTOM JuUSTEATNDYH

IO

ses/ugy ‘Q/3

134



Total-to-Total Efficiency, Mpgp

HE:

0.85

0.84

0.83H

Configuration 2 (PPPP)

- Configuration 4 (PPTP)

0.82}

Symbols indicate pressure ratios corresponding
to design equivalent specific work

0.81

0.80 g
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2,6 2,8 3.0 " 3.2 3.4

Total-to-Total Pressure Ratio, PTO/PT3

Figure 77, Total-to-Total Efficiency Vs. Total-to-Total Pressure Ratio
at Design Equivalent Speed, Two-Stage Turbine Configurations.
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Figure 107. Total-to-Total Efficiency Vs. Blade-Jet Speed Ratio for Various

Inlet Pressures, Configuration 1 (PPPPPP).
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Frequency, cps
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FPigure 121, Most Probable Modes of Vibration, Stage One Plain Blade.
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Figure 122, Most Probable Modes of Vibration, Stage
Two Plain Blade.
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Fredquency, cps
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Figure 123. Most Probable Modes of Vibration, Stage Three
Plain Blade.

181



iR

aa

Suction Surface

Figure 124, Fatigue Endurance Test Blade Failures,

Plain
Blade Suction Surfaces.
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Figure 125, Fatigue Endurance Test Blade Failures, Plain

Blade Pressure Surfaces.
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Frequency, cps
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_Figure 126, Most Probable Modes of Vibration, Stage Three Tandem Blade
Preceded by 76 Vane Stator.
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Figure 127, Most Probable Modes of Vibration, Stage Three
Tandem Blade Preceded by 100 Vane Stator.



Pigure 128, Fatigue Endurance Test Blade Failure,
Tandem Blade Pressure Surface.

Figure 128, Fatigue Endurance Test Blade Failure,
Tandem Blade Suction Surface,

NasA-lLangley, 1974 L ~T7737 185






